We studied the synaptic plasticity of hippocampal CA1 neurons and spatial learning behavior in gerbils that had been loaded with a transient cerebral ischemia caused by 5 min or 10 min occlusion of the bilateral carotid arteries. The stimulus threshold to elicit the field responses after a transient cerebral ischemia was not different from that in controls, but there was a significant decrease in the magnitude of synaptic responses, which might result from the observed loss of neurons. Long-term potentiation (LTP) and depotentiation after a 10 min cerebral ischemia expressed as a percentage of the pre-tetanus or pre-low frequency stimulation value were almost the same as those in controls, although the actual magnitude of the LTP and depotentiation was lower than in controls. Gerbils that were loaded with a 10 min cerebral ischemia showed impairment in a spatial learning test when this was started 10 days after the cerebral ischemia, but not when it was started 20 days after the same cerebral ischemia. These results suggest that the changes in electrophysiological properties of hippocampal CA1 neurons seen at 10 days after a 10 min cerebral ischemia contribute to the impairment of spatial learning of gerbils seen at this time, and that the extra-CA1 regions might be involved in the recovery of spatial learning seen at 20 days after cerebral ischemia.
ABSTRACT
We studied the synaptic plasticity of hippocampal CA1 neurons and spatial learning behavior in gerbils that had been loaded with a transient cerebral ischemia caused by 5 min or 10 min occlusion of the bilateral carotid arteries. The stimulus threshold to elicit the field responses after a transient cerebral ischemia was not different from that in controls, but there was a significant decrease in the magnitude of synaptic responses, which might result from the observed loss of neurons. Long-term potentiation (LTP) and depotentiation after a 10 min cerebral ischemia expressed as a percentage of the pre-tetanus or pre-low frequency stimulation value were almost the same as those in controls, although the actual magnitude of the LTP and depotentiation was lower than in controls. Gerbils that were loaded with a 10 min cerebral ischemia showed impairment in a spatial learning test when this was started 10 days after the cerebral ischemia, but not when it was started 20 days after the same cerebral ischemia. These results suggest that the changes in electrophysiological properties of hippocampal CA1 neurons seen at 10 days after a 10 min cerebral ischemia contribute to the impairment of spatial learning of gerbils seen at this time, and that the extra-CA1 regions might be involved in the recovery of spatial learning seen at 20 days after cerebral ischemia.
Cerebral ischemia resulting from an inadequate supply of blood and oxygen to the brain due to cerebrovascular disease, cardiac arrest, or traumatic brain injury is often accompanied by neuropsychiatric symptoms (39, 42, 44) , including memory loss (45) , which is considered to be caused by ischemic damage to hippocampal CA1 neurons (48) . Previous studies on the gerbil brain have shown that a 5 min or longer period of transient global cerebral ischemia results in the death of neuronal cells, especially hippocampal CA1 neurons (12, 26, 27, 30, 41) . The blood supply to the hippocampus in small rodents involves an arterial supply from the posterior cerebral artery, which belongs to the posterior circulation system of the brain, and from the middle cerebral artery, anterior choroidal artery, and internal carotid artery of the anterior circulation system of the brain (15) . However, since Mongolian gerbils have vascular anomalies of the circle of Willis, a vascular formation connecting the posterior and anterior circulation systems at the skull base (20, 46) , and since the arterial blood flow in the hippocampi in gerbils depends on the anterior circulation system (29, 47) , temporal occlusion of the bilateral common carotid arteries in the neck of these animals can result in ischemic damage to CA1 neurons in the bilateral hippocampi. Because common carotid artery ligation in the neck of gerbils is simple and requires minimally invasive manipulation of the neck, Mongolian gerbils have been used as a model one to a cage in the Animal Center of our university on a 12-h/12-h light/dark cycle at a room temperature of about 23°C with free access to rodent food (CRF-1; Laboratory Animal Feeds, Charles River Japan, Inc., Yokohama, Japan). The gerbils were maintained in accordance with the guidelines established by the Japan Council on Animal Care and the study was carried out in accordance with the Guide for Animal Experimentation of the Yamagata University School of Medicine.
Surgical procedure for induction of transient cerebral ischemia. The surgical operation for inducing transient cerebral ischemia was performed according to the method of Carroll and Beek (12) . In brief, 10 min after subcutaneous injection of atropine sulfate (0.08 mg/kg), the gerbil was anesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg), an incision was made on the midline in the ventral neck, and both common carotid arteries were isolated and occluded for either 5 or 10 min using micro-aneurysm clips. After removal of the clips, the incision was closed. Body temperature was monitored in the rectum throughout the operation and recovery period and carefully maintained at 37-38°C by means of a heating pad until recovery from the anesthetic. Sham operated control animals underwent the same surgical operation except for the occlusion of the carotid arteries. Animals were allowed to recover in their own rearing cage until the behavioral tests were started.
Behavioral observations. The gerbils were transferred from the animal center to an experimental room and housed singly in a cage (35 cm wide, 30 cm long, and 18 cm high) where their behavior was monitored and recorded from at least 5 days before the surgical operation to the end of the 4PTT trials. The time spent removing food from a feeder box and the amount of food taken were recorded by monitoring the movement and weight of the feeder box suspended from the cage roof by means of a sensor attached to the feeder box and a specially developed computer program.
4-pellet taking test.
The apparatus for the 4PTT was a large transparent acrylic box (31 cm wide, 31 cm long, and 26 cm high) with a stage (10 cm wide, 10 cm long, and 5 cm above the floor) at the center of the floor and four removable feeder boxes (5.5 × 5.5 cm entrance, 10 cm long) fixed outside the corners of the box (Fig. 1A ). An opaque push-open door (5 cm wide and 4.5 cm high) was attached at the enof forebrain ischemia (16, 19, 22, 32) to study the histology of cell death of hippocampal neurons (3, 11, 13, 24, 33) and cognitive impairments, including memory loss (1, 2, 25) . Hippocampal synaptic plasticity is considered to be the cellular basis of learning and memory in the brain (10) . Long-term potentiation (LTP) and reversal of LTP (depotentiation, DP) are two types of synaptic plasticity seen in rodent hippocampal CA1 neurons (8, 17) . LTP is a state of persistent synaptic enhancement induced by a brief period of high frequency electrical stimulation (HFS) of afferents (9, 10) , while DP is another type of synaptic plasticity in which low frequency stimulation (LFS) reduces the potentiated response in a pathway in which LTP has been pre-established (6, 7, 17, 43) . Kirino et al. (28) reported loss of LTP in gerbil hippocampal CA1 neurons a few days after 5 min of cerebral ischemia produced by bilateral carotid artery occlusion. In rats with four-vessel occlusion (permanent occlusion of the bilateral vertebral arteries plus 10 min occlusion of the bilateral common carotid arteries), Mori et al. (34) reported an association between impairment of learning behavior and inhibition of LTP induction in hippocampal CA1 neurons. However, the relation between impairment of DP following transient cerebral ischemia in gerbils and ischemic damage to the hippocampal CA1 neurons is still unclear. Because of the poor swimming ability of gerbils, which are desert animals, the use of the Morris water maze test (35) for evaluation of learning behavior in the transient forebrain ischemia model has resulted in wide fluctuations in experimental results for learning behaviors of gerbils after transient forebrain ischemia (14, 31, 40) . Recently, we incorporated features of the radial 8-arm maze (spatial working memory) (21, 37, 38) and Morris water maze (spatial reference memory) (35) into an apparatus that can be used to test spatial learning in rodents, named the 4-pellet taking test (4PTT) (18, 23) . In the present study, we investigated the impairment of learning seen in gerbils after a transient cerebral ischemia, focusing on the relations between the degree of neuronal cell death in the CA1 subfields, the change in properties of synaptic transmission or synaptic plasticity in CA1 neurons, and spatial learning behavior in the 4PTT.
MATERIALS AND METHODS

Animals.
Male Mongolian gerbils, aged 13 to 16 weeks with a body weight of 60 to 80 g, were housed pellets was hidden beneath each feeder dish in a small space between the floor and the bottom plate of the feeder box in order to retain the odor of the pellet after it had been removed by the gerbil. The floor of the large box and feeder boxes was made from a thin punched stainless-steel sheet. The apparatus was placed on a desk in a dimly lit experimental room with four different visual cues placed around it, and background noise (fan) and a gentle breeze were applied from 1 m above the apparatus during the learning sessions. After behavioral observation of a gerbil for 10 or 20 days in its cage, the 4PTT was started. On the day of the 4PTT learning test, the feeder box was removed from the home cage at 09 : 00 and the experiment was started at 21 : 00-22 : 00, usually with 4 gerbils being tested sequentially. After the 4PTT trial, the gerbil was returned to its home cage and the feeder box replaced, allowing the gerbil free access to food and water until the next morning. Each gerbil underwent one 4PTT trial each day for at least 4 consecutive days. In each 4PTT trial, the gerbil was transferred from its home cage and placed on the central stage of the 4PTT apparatus in an opaque box with no base (9 × 9 cm sides, 7 cm high) for 30 s, then the box was removed and the 4PTT trial started. The gerbil had to jump down from the central stage on to the floor and find one of the pellets and, to obtain all 4 pellets, had to get in and out of the 4 feeder boxes through the push-open doors after crossing the floor of the large box. During the trial, the following parameters were monitored: the sector in which the gerbil was located, the time spent in that sector, and the time spent eating a pellet, grooming the body, biting the apparatus, or standing up against the wall. Each trial session was limited to 20 min. Data from animals which did not take all 4 pellets within 20 min on the first trial day were discarded. Establishment of learning was defined as the first day of 3 successive days when a gerbil managed to find and eat all 4 pellets within 180 s. All data were stored using a specially developed computer program.
Electrophysiological studies on hippocampal slices of gerbils loaded with transient cerebral ischemia.
After the end of the 4PTT, the gerbils were sacrificed to perform electrophysiological or histological studies on the CA1 region of the hippocampus. The gerbils were anesthetized with diethyl ether and the bilateral hippocampi rapidly removed, then the left hippocampus was cut into 500 μm thick transverse trance to each feeder box and a small feeder dish (4 cm diameter) placed on the floor of the feeder box. One small round food pellet (9-10 mg) was placed in each of the feeder boxes and a packet of 4 Schematic diagram of a slice experiment. A stimulating electrode (Stim) was inserted into the stratum radiatum in the CA1 region, close to the CA2 region, and two recording electrodes (Rec) were inserted into the stratum pyramidale and stratum radiatum in the CA1 region and the amplitude of the population spike (A-PS, bottom left) and the initial slope of the field EPSP (S-EPSP, bottom right) were measured. Scale bars: 2 mV and 5 ms.
Histology of hippocampal neurons of gerbils loaded with transient cerebral ischemia.
The right hippocampus and any left hippocampus slices not used for the electrophysiological experiments were kept in fixative solution (10% formalin plus 1.5% glutaraldehyde) and, when required for histological examination, were processed for paraffin sectioning and 6 μm coronal sections stained with cresyl violet. The number of pyramidal neurons in 4 areas (each 100 × 100 μm) of the CA1 pyramidal cell layer was counted in one section under the light microscope and averaged, then the average was calculated for 6 sections separated by about 120 μm and expressed as a percentage of the mean number counted in sections of hippocampi from 12 control gerbils not subjected to brain ischemia. Relatively large stained cells in the CA1 region with a round nucleus with a nucleolus in the middle of the cytoplasm were classed as preserved neurons, whereas cells with small, shrunken, or slender cell bodies and darkly stained cell bodies without a clear cytoplasm were not (3, 27) . When the difference in the percentage of preserved CA1 neurons between sections from the ventral and dorsal hippocampus from one side of the brain was 25% or more, the data were not included in the subsequent analysis.
Statistical analysis. All values are given as the mean ± SEM. The results were analyzed for statistical significance using the unpaired two-tailed Student's t-test, two-way repeated measures ANOVA, post hoc analyses (Scheffe's F), or the Mann-Whitney U test. A difference was considered statistically significant if P < 0.05.
RESULTS
Learning behavior of gerbils loaded with a transient cerebral ischemia
Four groups of gerbils were established consisting of the sham operated control group, a group loaded with cerebral ischemia for 5 min which was tested in the 4PTT 10 days after surgery (F-10), and two groups loaded with 10 min ischemia which were tested after either 10 days (T-10) or 20 days (T-20). During the 10 or 20 days after surgery, activity was measured each day as the mean time continuously spent accessing the feeder box in the home cage. No epileptic seizures were observed in any of the gerbils loaded with a 5 or 10 min cerebral ischemia. High locomotor activity was seen in two-thirds of the gerbils loaded with a 10 min cerebral ischemia up to day 4 after the operation, but not in the gerslices using a rotary slicer (Dosaka DK-7700, Kyoto, Japan). After more than one hour incubation in artificial cerebrospinal fluid (aCSF) consisting of (in mM) 124 NaCl, 5.0 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1.25 NaH 2 PO 4 , and 10 glucose, aerated with a gas mixture of 95% O 2 and 5% CO 2 , and maintained at 30°C, the test slice was transferred to a recording chamber where it was continuously perfused with aCSF. A bipolar stimulating electrode was placed in the stratum radiatum in the CA1 region, close to the CA2 region, to stimulate the Schaffer collateral/ commissural fibers. The population spike (PS) and field excitatory postsynaptic potential (f-EPSP) were recorded simultaneously from the stratum pyramidale and stratum radiatum of the CA1 region, respectively, using glass electrodes filled with aCSF (Fig. 1B) . The responses were amplified by an amplifier (Axoclamp-2A; Axon Instrument, CA, USA) through a high-cut filter of 3 kHz and digitized via an analog-to-digital converter. The amplitude of the PS (A-PS) and the initial negative slope of the field EPSP (S-EPSP) (Fig. 1B) were measured on a personal computer. At the beginning of each experiment, a stimulus/ response curve (SRC) was established by delivering stimuli of different intensities at 0.033 Hz and measuring the A-PS and S-EPSP. Based on the input/ output function of the SRC, the strength of the stimulus pulse (100 μs duration) was adjusted to elicit a field EPSP of 40-60% of maximum and fixed at this level throughout the experiments. After checking the stability of the responses to a test stimulus given every 30 s, a train of HFS (tetanus, 100 pulses at 100 Hz) was delivered to induce LTP, then a train of LFS (1,000 pulses at 1 Hz) was applied 50 min after the tetanus to induce DP. After delivery of the tetanus or LFS, the test stimulus was repeated every 30 s and responses recorded for a minimum of 30 min and SRCs again established 30-40 min after tetanus or the end of LFS by delivering stimuli of different intensities at 0.033 Hz. Changes in responses after HFS or LFS were calculated as follows: (i) percentage change in the response after HFS = (Y / X) × 100 and (ii) percentage reduction in LTP after LFS (DP) = (Y-Z) / (Y-X) × 100, where X is the mean value for the 10 min immediately prior to HFS, Y the mean value over the 5 min period at 40-45 min after the end of HFS, and Z the mean value over the 5 min period at 25-30 min after the end of LFS. For the equation in (ii), 100 or 0% indicate, respectively, complete reduction to the pre-tetanic control level or no induction of DP (17) . bils subjected to 5 min ischemia. There was no significant difference among the 4 groups in body weight at the start of the 4PTT (data not shown). The 4PTT was used to examine learning in the four groups of gerbils. Fig. 2A shows the mean time needed for the control group and each of the test groups to take all 4 pellets. ANOVA revealed that all groups showed a significant decrease in the time required to take all 4 pellets with increasing number of trials (F (3, 54) = 41.72; P < 0.0001). Post hoc analysis (Scheffe's F test) revealed that the mean time needed to take all 4 pellets was significantly longer for group T-10 than for either the controls (P = 0.032) or group T-20 (P = 0.011), with no significant difference between groups T-10 and F-10, F-10 and T-20, F-10 and the controls, or T-20 and the controls. The unpaired two-tailed Student's t-test showed that the mean time needed to take all 4 pellets during the 3rd and 4th 4PTT trials was significantly longer for group T-10 than for the controls (P < 0.05, data not shown), with no significant difference between groups F-10, T-20, and the controls. When a gerbil succeeded in taking all 4 pellets within 180 s in 3 successive trials, the first day of the three was taken as representing completion of learning in the 4PTT. Fig. 2B shows that the mean number of days necessary for completion of learning was 3.1 ± 0.4 for the control gerbils, 2.8 ± 0.3 for group F-10, 6.6 ± 0.9 for group T-10, and 2.3 ± 0.5 for group T-20, with significant differences between the controls and group T-10 (P < 0.05, unpaired Student's t-test), but not between the controls and either group F-10 or group T-20. These results show that, compared to controls, impairment of spatial learning in the 4PTT was seen in group T-10, but not groups F-10 and T-20.
Histology of hippocampal neurons of gerbils loaded with a transient cerebral ischemia
We examined whether the impairment of learning in the 4PTT in group T-10 was due to neuronal cell death induced in hippocampal CA1 neurons after the transient cerebral ischemia. Fig. 3A shows typical examples of CA1 pyramidal neurons stained with cresyl violet in the right hippocampus in the control group (control), group F-10 [F (5 min)], and group T-10 [T (10 min)]. The areas marked with the 100 × 100 μm 2 rectangles in the upper panels are shown at higher magnification in the rectangles in the lower panels. As shown in Fig. 3B , the mean number of CA1 pyramidal neurons counted after the 4PTT trials in 2-4 100 × 100 μm areas in each of 4-6 slices of the right hippocampus was 26.7 ± 3.9 in the control gerbils and fell to 69.1 ± 3.0%, 12.4 ± 3.0%, or 10.9 ± 2.9% of this number in group F-10, T-10, or T-20, respectively, with a significant decrease in group F-10 (P < 0.05) and groups T-10 or T-20 (P < 0.01) compared to the controls and no significant difference between groups T-10 and T-20. As shown in Fig. 3C , no significant difference in the mean number of CA1 neurons between sections taken from the left or right hippocampus was found in any of the groups after the 4PTT trials, showing that ligation of the bilateral common carotid arteries in the neck results in the same degree of neuronal Using the SRC for the S-EPSP or the A-PS established before induction of LTP, we measured the threshold intensity of the stimulus needed to induce the f-EPSP or PS and the maximum magnitude of these responses in slices from gerbils from all 4 groups. Fig. 4A shows there was no significant difference among these four groups in the threshold intensity of the stimulus required to induce the f-EPSP (left panel) or PS (right panel). However, Fig. 4B shows that the maximum magnitude of the S-EPSP (left panel) or A-PS (right panel) in groups T-10 and T-20 was significantly smaller (P < 0.05) than that in control gerbils, with no significant difference in the maximum responses between controls and group cell death in the bilateral hippocampal CA1 subfields. The histological results shown in Fig. 3 demonstrate that the number of bilateral hippocampal CA1 neurons preserved after a transient cerebral ischemia in gerbils decreased with the length of time of occlusion (5 or 10 min) and that a severe loss in pyramidal neurons in the bilateral hippocampal CA1 subfields was seen in both group T-10, which showed impairment of learning in the 4PTT, and group T-20, which did not. among the four groups. These results show that, although the size of the synaptic responses in CA1 neurons in the hippocampi of gerbils loaded with a transient cerebral ischemia decreased with increased time of occlusion of the bilateral carotid arteries, there were no differences between the four groups in the magnitude of LTP or the degree of LTP reduction, expressed as a percentage of the pre-tetanus or pre-LFS value, induced in hippocampal CA1 neurons.
Electrophysiology of hippocampal CA1 neurons in gerbils loaded with a transient cerebral ischemia
DISCUSSION
In the present study, we investigated impairment of learning in gerbils after a transient cerebral ischemia, focusing on the relations between the degree of neuronal cell death in the CA1 subfields, the change in properties of synaptic transmission or synaptic plasticity in CA1 neurons, and spatial learning behavior in the 4PTT. We demonstrated that, after a transient cerebral ischemia, the number of CA1 neurons in the bilater-F-10 or between group T-10 and group T-20. In slices from all 4 groups, delivery of a train of HFS (tetanus, 100 pulses at 100 Hz) induced LTP in the S-EPSP and A-PS, which was reduced by a train of LFS (1,000 pulses at 1 Hz) applied 50 min after the tetanus (DP). Examples of the LTP and DP of the PS in gerbils from each group are shown in Fig. 5A . Changes in the S-EPSP and A-PS over the time period 40-45 min after tetanus measured as the magnitude of the LTP in the S-EPSP or A-PS and expressed as a percentage of that before tetanus are summarized in Fig. 5B . Although the actual size of the responses before or after induction of LTP was different among the groups (Fig. 5A) , as shown in in group T-10, but not group T-20 ( Fig. 2) , while a severe loss of CA1 neurons was seen in both groups (Fig. 3) . The significant decrease in the time needed al hippocampi decreased with increased time of occlusion of the bilateral carotid arteries (Fig. 3C) . Impairment of spatial learning in the 4PTT was seen cantly longer mean time needed to take all 4 pellets ( Fig. 2A) and the significantly higher number of days needed for completion of learning in the 4PTT (Fig. 2B) for group T-10 compared to control gerbils suggest that this group had a decreased capacity for spatial learning. Because the synaptic responses before or after induction of LTP were decreased in size (Figs. 4 and 5) , the outputs from the hippocampus to other brain regions would be reduced even after LTP was established and such a reduction would result in the decrease in capacity for spatial learning in group T-10. In group T-20, the time needed to complete the 4PTT was less than that required by group T-10 ( Fig. 2B) , whereas the number of hippocampal CA1 neurons preserved after the transient cerebral ischemia was not significantly different between groups T-10 and T-20 (Fig. 3B) . Moreover, the electrophysiological properties of CA1 pyramidal neurons in these two groups were almost the same in terms of the stimulus threshold to evoke responses (Fig. 4) and in the LTP (Fig. 5B) and DP (Fig. 5C ), expressed as a percentage of the pre-tetanus or pre-LFS value. These results suggest that the recovery of spatial learning in group T-20 might not be due to functional recovery or cellular regeneration of hippocampal CA1 neurons themselves from the severe ischemic damage (36) , but rather to functional compensation for the ischemia-induced damage to hippocampal CA1 neurons by neural networks of learning in the extra-CA1 regions.
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to take all 4 pellets with increased number of trials seen in both groups T-10 and T-20 ( Fig. 2A) suggests that both groups still retained some capacity for learning in the 4PTT. However, the mean number of days needed for completion of learning in the 4PTT by group T-10 was significantly larger than required by control gerbils (Fig. 2B) , suggesting a transient decline followed by recovery in spatial learning in the 4PTT. Previous studies in rodents have shown a correlation between increased motor activity for several days after transient cerebral ischemia and a decrease in the number of CA1 pyramidal neurons (5, 13, 19, 33) . Corbet et al. (14) showed an obvious failure of spatial learning behavior in the water maze and increased locomotor activity in gerbils at day 3 after a 5 min cerebral ischemia, but normal learning behavior and locomotor activity at day 21, suggesting that the transient defect in learning at day 3 might be due to the increased locomotor activity. In addition, Auer et al. (4) observed normal spatial learning behavior in the water maze and normal locomotor activity in rats at 8-10 weeks after occlusion of their bilateral carotid arteries. In the present study, the high locomotor activity seen in two-thirds of gerbils loaded with a 10 min cerebral ischemia disappeared after day 5 after transient cerebral ischemia and group T-10 started the 4PTT trial on day 10 after bilateral carotid artery occlusion. Therefore, the impairment in spatial learning in this group was clearly not due to increased locomotor activity after cerebral ischemia. In our previous study (23) , both attenuation of LTP induction or DP formation in the field EPSP in hippocampal CA1 neurons and impairment of learning in the 4PTT were observed in β1,4-Nacetylgalactosaminyltransferase gene transgenic mice, suggesting that the impairment of learning in the 4PTT might be related to failure of LTP induction or DP formation in hippocampal CA1 neurons. In the present study, a significant decrease in the time needed to take all 4 pellets in the 4PTT with increased number of trials was seen in group T-10 ( Fig. 2A) . However, CA1 neurons in group T-10 showed the same electrophysiological properties as those in control gerbils in terms of the stimulus threshold to evoke responses (Fig. 4) and in the LTP and DP expressed as a percentage value (Fig. 5B  and 5C ). Since hippocampal synaptic plasticity (LTP or DP) is considered to be the cellular basis of learning and memory in the brain (10), these results suggest that group T-10 retained some capacity for spatial learning in the 4PTT. However, the signifi-
